Perhaps the most surprising revelation that has emerged from recent pathologic studies of schizophrenia is the marked cortical regional heterogeneity of the disease. Areal specific alterations of many parameters have been reported (e.g., neuronal density, density of -y-aminobutyric acid |GABA]-immunoreactive cells, and concentration of synapse-associated proteins and messenger ribonucleic acid [mRNA]s). In the past 5 years, as a flood of seemingly contradictory findings have been published, divergent findings often have been regarded as further evidence of the irreplicability and futility of postmortem studies. Although some discrepancies in findings may be due to methodological differences or to the study of different cohorts of patients, a growing number of laboratories are examining the same parameter(s) in multiple cortical areas in a single brain cohort and finding regionally specific abnormalities. These findings provide compelling evidence that cortical pathology in schizophrenia is nonuniform and complex. A major challenge in contemporary schizophrenia research is to make sense of the patterning of whole brain pathology in schizophrenia, as the mosaic of neuropathologic alterations may provide clues to the disease etiology.
Individual laboratories have tended to focus on one or another area of the brain while the global picture of pathological changes associated with schizophrenia has largely been ignored. With respect to the cortex, many laboratories have studied one cortical area in detail with the expectation that these findings would serve as a model for the pathology of the entire cerebral mantle. However, this expectation appears to be ill-founded for the schizophrenic brain. For instance, the pathologic profile described in the dorsolateral prefrontal cortex (DLPC) is not faithfully mirrored in more posterior regions. Indeed, a substantial body of evidence suggests that frontal and temporal cortices show opposite changes in activation in schizophrenia patients that may be related to different patterns of pathology (Weinberger et al. 1992; Friston and Frith 1995; Fletcher et al. 1996) . Likewise, many findings in the DLPC and anterior cingulate cortex in schizophrenic postmortem brains are opposite in direction Kalus et al. 1997 Kalus et al. , 1999 Woo et al. 1997 Woo et al. , 1998 Thompson et al. 1998 ). Oddly enough, several studies examining the cellular architecture and protein content of the schizophrenic cortex have found remarkable similarities in the DLPC and the primary visual cortex (area 17), an area of cortex not traditionally linked to functional deficits in schizophrenia patients (Selemon et al. 1995; Perrone-Bizzozero et al. 1996; Woo et al. 1997) , and more recently, preliminary data have suggested that the DLPC and the visual cortex share a similar pattern of altered gene expression in schizophrenia patients (Mimics et al. 2001 ). At present, there is no simple anatomic or functional scheme that satisfactorily accounts for the diversity of neuropathological findings in the schizophrenic cortex. Yet the consensus of data does not support the contention that reported changes in the schizophrenic brain are entirely random, as, for example, closely related areas of the DLPC (areas 9 and 46) have been shown to exhibit comparable pathology on virtually every score (Daviss and Lewis 1995; Selemon et al. 1995 Selemon et al. , 1998 Woo et al. 1997 Woo et al. , 1998 . Recent findings in the thalamus suggest that there may be a similar diversity and selectivity in the pathology of this subcortical structure (Popken et al. 2000; Young et al. 2000) . The relationship of cortical and thalamic pathology to synaptic connectivity between the two brain regions will be considered as a possible morphologic basis for regional diversity of the pathology of schizophrenia.
In this article, recent findings related to the pathology of cortical and thalamocortical circuitry in schizophrenia will be considered. Pathology in other brain regions, notably the striatum and brainstem, will not be described here nor will data on alterations in receptor levels be considered, except where these data specifically relate to reported structural changes (for recent reviews of receptor changes in schizophrenia, see Deakin and Simpson 1997; Carlsson et al. 1999 ). In addition, this review will focus on relatively recent findings (1995 to present) with reference to older literature only where appropriate because of the uniqueness of the findings or relevance to more current publications. The goal of this survey is to call attention to the regionally distinct patterns of structural abnormalities that have been described in the schizophrenic cortex and one of its major subcortical afferent and target structures, the thalamus, and to begin to consider how current theories of the disease mechanism might better integrate this information.
Pathologic Alterations of the Cerebral Cortex in Schizophrenic Brains
Dorsolateral Prefrontal Cortex. Several lines of evidence have indicated that the DLPC is a major site of pathology in schizophrenia. For example, neuropsychological studies of schizophrenia patients indicate that schizophrenia is associated with deficits in prefrontal mediated functions, such as working memory, attention, and the ability to shift set (Schooler et al. 1997; Wexler et al. 1998 ). Moreover, when schizophrenia patients perform tasks requiring prefrontal activation (i.e., Wisconsin Card Sort Task, Tower of London Task, Continuous Performance Task, N-Back Task), they show reduced activation of prefrontal cortical regions (Weinberger et al. 1986; Andreasen et al. 1992; Buchsbaum et al. 1990; Carter et al. 1998) . In light of the prominence of working memory deficits in schizophrenia patients, the role of the DLPC has been postulated as a major site of pathology in schizophrenic brains (Goldman-Rakic 1991 , 1999 Goldman-Rakic and Selemon 1997) . This hypothesis is supported by magnetic resonance imaging (MRI) studies of the cerebral mantle in schizophrenia patients indicating that gray matter volume reductions are larger in the DLPC than in other cortical areas (Sullivan et al. 1998; Gur et al. 2000) .
Postmortem analyses of the cytoarchitectural composition of the cortex have revealed that the volumetric deficit is not due to loss of neurons. Recent studies from our laboratory have found increased neuronal density in areas 9 and 46 (17% and 21%, respectively) in schizophrenia patients (Selemon et al. 1995 . The detection of elevated neuronal density in the schizophrenia DLPC, which was not found by others (Akbarian et al. 1995) , may be attributed to the application of a stereologic cell-counting method (i.e., direct measurement of cell density in a three-dimensional volume), which eliminates the need for an Abercrombie correction for cell splitting and avoids inaccuracies from variations in cell size and section thickness (Williams and Rakic 1988) . Neuronal density was increased when all cortical layers were pooled and throughout layers HI-VI in area 9 and was similarly elevated in layers II-IV and VI in area 46 (Selemon et al. 1995 . Moreover, measurement of neuronal somal size in thick sections, in which the maximal diameter of the soma was traced, revealed reductions in neuronal size that were significant only in layer III . The reduction in somal size most likely reflects a reduction in the dendritic arborization of pyramidal cells in this layer, as somal size generally correlates with extent of the dendritic tree Rosa 1998a, 1998fc) . The implication of these findings is that neurons are packed more closely together because there is less neuropil separating them and that part of the reduction of neuropil may include the processes of intrinsic cortical neurons. Thus, we have hypothesized that the prominent structural pathology of the DLPC in schizophrenia patients is a reduction of interneuronal neuropil .
The reduced neuropil hypothesis has received support from a number of studies showing reduction in axonal and synaptic markers and spine density in the DLPC. As shown in table 1, the majority of findings suggest that there is a loss of presynaptic elements. Reduced concentration and density of synaptophysin, a protein component of small synaptic vesicles, have been described in areas 9 and 46 with Western blot and immunocytochemical methods (Perrone-Bizzozero 1996; Glantz and Lewis 1997) , although one recent study has not replicated this finding . These postmortem data are complemented by in vivo imaging of membrane phospholipids, which indicates that schizophrenia patients have a predominance of catabolic phospholipid products, a marker of diminished neuropil (Pettegrew et al. 1993 ). In addition, reduced density of tyrosine hydroxylaseimmunopositive axons (Akil et al. 1999) and -y-aminobutyric acid transporter-1 (GAT-1) immunoreactive cartridges (Woo et al. 1998 ) has been reported, although it should be noted that reductions in immunoreactive fibers may reflect a downregulation of protein rather than actual reduction in axonal or synaptic elements. Interestingly, synaptophysin mRNA is not reduced in the DLPC . Normal levels of synaptophysin mRNA may indicate that there is a selective reduction of afferents originating from cells out- Table 1 . Recent quantitative postmortem studies of cortical cellular and synaptic pathology in schizophrenia Rajkowska et al. 1999a , 1999b Rajkowska et al. 1998 Radewicz et al. 2000 Rajkowska et al. 2001 Daviss and Lewis 1995 Akbarian etal. 1995 Woo etal. 1997 Volk et al. 2000 Woo etal. 1998 Akil etal. 1999 Glantz and Lewis 1997 Thompson etal. 1998 Note.
-5-HT = serotonin; B = both right and left hemispheres analyzed separately; BA = Brodmann's area; CA = cornu ammonis; DAB1 = disabled-1 gene product; DAT = dopamine transporter; DG = dentate gyrus; GAD = glutamic acid decarboxylase; GAP = growth-associated protein; GAT = -y-aminobutyric acid transporter; GFAP = glial fibrillary acidic protein; HLA-DR = human leukocyte antigen; L = left hemisphere examined; L1 = a cell recognition molecule; M = right and left hemispheres analyzed together; MAP = microtubule-associated protein; mRNA = messenger ribonucleic acid; NAA = N-acetylaspartate; NAAG = N-acetylaspartylglutamate; NAALADase = N-acetyl-alpha-linked acidic dipeptidase; NC = normal controls; NCAM = neural cell adhesion molecule; NFP = neurofilament protein; NS = not specified; PCR = polymerase chain reaction; poly (A) + mRNA = polyadenylated mRNA; R = right hemisphere examined; S = schizophrenia patients; SNAP = synaptosomal-associated protein; TH = tyrosine hydroxylase.
1
Schizophrenia group included schizoaffective patients.
2
Found only in the 6 schizophrenia patients who committed suicide.
3
Found only in the 7 schizophrenia patients who died of natural causes.
4
Decreased density of small neurons was found in layers II-VI in schizoaffective patients.
5
Found only in right hemisphere.
6
Found in schizophrenia patients without superimposed mood disorders.
7
Found only in CA1 and CA2 in left hemisphere and in CA3 in right hemisphere.
8 CA4 significant only in left hemisphere; however, very few right hemispheres were included in study.
9
Examined right hemisphere in one schizophrenia patient.
10
Found only in left hemisphere.
" Found only in female schizophrenia patients.
12
Found only in Oxford cohort of patients (only left hemisphere examined), not in London cohort (mixed hemispheres examined).
at Pennsylvania State University on February 23, 2013 http://schizophreniabulletin.oxfordjournals.org/ Downloaded from side the DLPC with sparing of intrinsic connectivity. One study that appears to run counter to the loss of neuropil is that of Thompson et al. (1998) , which demonstrates an increased concentration of synaptosomal associated protein-25 (SNAP-25), a protein involved in synaptic vesicle fusion with the plasma membrane. If SNAP-25 were associated with a selectively spared component of the presynaptic neuropil, this might explain the increase in this protein relative to synaptophysin. Further studies are definitely needed to clarify this issue. Elevated growthassociated protein-43 (GAP-43) protein levels have also been reported in the "frontal pole," roughly corresponding to areas 9 and 10, indicating that the reduction in neuropil may be accompanied by compensatory sprouting of new synaptic terminals (Perrone-Bizzozero et al. 1996) . Increased levels of the neural cell adhesion molecule (NCAM) in the schizophrenic DLPC is also consistent with synaptic remodeling (Vawter et al. 1997 ). On the postsynaptic side, evidence has emerged from quantitative analysis of Golgi-impregnated pyramidal neurons for a reduction in basilar dendritic spine density on layer III pyramidal cells . Thus, there is a growing body of postmortem research findings to suggest that the pathology in schizophrenia involves primarily a reduction in the connectivity between neurons.
Studies of chemically defined cell populations are congruent with this conclusion. The neocortex comprises two basic cell types: pyramidal neurons that use glutamate as a transmitter and send excitatory synapses to other neurons, and nonpyramidal neurons that exert inhibitory influences via GABA-ergic synapses. Although pyramidal cell density has not been quantified in immunocytochemical preparations, GABA-ergic cells have been studied extensively using a variety of antigen markers. Immunocytochemical studies of GABA-ergic cell populations with antibodies directed toward a variant of the synthetic enzyme glutamic acid decarboxylase (GAD) have revealed decreased cell density of a subset of GAD67 mRNA positive neurons (Akbarian et al. 1995; Volk et al. 2000) . Similarly, decreased density of a population of GABA-containing interneurons that are reelin immunoreactive and are situated predominantly in layers I and II has been described in the prefrontal cortex (Impagnatiello et al. 1998 ). However, analysis of GABA-ergic cell populations immunoreacted against calcium-binding proteins has indicated either no change in the density of parvalbumin-or calretinin-positive neurons or increased density of calbindin immunoreactive neurons (Daviss and Lewis 1995; Woo et al. 1997 ). Moreover, cell counts of Nisslstained populations have not revealed any decrease in the density of nonpyramidal cells in the dorsolateral prefrontal cortex (Akbarian et al. 1995; Selemon et al. 1995 Selemon et al. , 1998 . Therefore, changes in the apparent density of chemically defined GABA-ergic cell populations probably reflect upregulation or downregulation of protein expression resulting from altered activity of prefrontal cortical circuitry.
In the past decade, much more attention has been focused on the GABA-ergic system in the prefrontal cortex than on pyramidal cell neurons, largely because immunocytochemical markers for GABA-ergic neurons are readily available and work well in postmortem tissue samples. Whether nonpyramidal neurons are altered to a greater degree than their pyramidal counterparts in schizophrenia, or instead the prominence of GABA-ergic findings in the literature simply reflects a research bias, is arguable. However, some evidence from stereologic analysis of Nissl-stained sections suggests that changes in pyramidal cell populations are equally important in schizophrenia because increases in cell density are prominent in pyramidal cell layers (Selemon et al. 1995 ) and large pyramidal cells in layer III are selectively reduced in size ). Moreover, a novel study of the excitatory transmitter glutamate and associated amino acids and enzymes in widespread areas of the cortex has revealed a decrease in glutamate concentration in the "prefrontal cortex" (Brodmann areas were not specified) in association with an increase in its precursor molecule, N-acetylaspartylglutamate (NAAG), and a decrease in the enzyme, N-acetyl-alpha-linked acidic dipeptidase, that converts NAAG to glutamate (Tsai et al. 1995) . Similar changes were observed in the hippocampus, but not in parietal and cingulate cortices.
The dorsolateral prefrontal cortex, like the brain as a whole, does not exhibit signs of neurodegenerative associated gliosis in schizophrenia, except perhaps in populations of elderly schizophrenia subjects with dementia where increases in glial fibrillary acid protein-positive (GFAP-positive) astrocytes have been described (Arnold et al. 1996) . For example, in our morphometric studies of the DLPC, glial density was increased by 20 percent to 22 percent in schizophrenia patients, but the increases were not significant because of the high variability in glial density between cases (Selemon et al. 1995 . Moreover, in both areas 9 and 46, the trend increase in glial density was commensurate with the increase in neuronal density, suggesting that all cells were packed more closely together because of a lack of intercellular neuropil. A marked increase in glial cell density and accompanying glial enlargement like that observed in Huntington's brains was not observed in the schizophrenic cortex (Selemon et al. 1995 Rajkowska et al. 1998) . Immunocytochemical analysis of astrocytic glial populations stained with GFAP supports this observation because GFAP-positive neurons are not increased in density in area 9; however, the density of microglial cells immunostained with human leukocyte antigen-DR (HLA-DR) is elevated, a finding consistent with a celltype specific alteration of glial cell populations in schizophrenia (Radewicz et al. 2000) although replication of this finding in a younger cohort is needed. A recent study of area 9 in postmortem schizophrenic brains suggests that the density of GFAP-stained cell bodies may be elevated selectively in layer V in conjunction with reduced GFAP levels in this layer (Rajkowska et al. 2001 ). This finding has been interpreted as evidence that a greater number of astrocytes are present in layer V in schizophrenia subjects than in normal controls, but the astrocytes have less extensive processes than in the normal brain, and hence less overall GFAP content for the layer. It must be kept in mind, however, that neuroleptic drugs have been shown to increase glial density in nonhuman primates, although only a trend elevation was observed in layer V , and that layer V has the highest concentration of D2 receptor sites in the cortex (Goldman- Rakic et al. 1990 ).
Other Prefrontal Cortices. The role of the frontal polar cortex (area 10) in schizophrenia is not well established, and perhaps because of the tenuous functional association of this area with schizophrenia symptomatology, it has been studied less exhaustively than have dorsolateral prefrontal areas 9 and 46 in schizophrenia brains (table 1) . Analysis of overall cytoarchitectural changes suggests that relatively subtle, laminar-specific changes are found in this area (Benes et al. 1991a) . In contrast to the robust increase in neuronal density encompassing nearly all cortical layers that has been described in areas 9 and 46 (Selemon et al. 1995 , in area 10, a decreased density of "small neurons," which were considered interneurons, was found in conjuction with an increased density of pyramidal neurons restricted to layer V (Benes et al. 1991a) . Interestingly, although analysis of parvalbuminreactive neurons revealed decreased density of this GABA-ergic population (Beasley and Reynolds 1997), the reductions were observed in layers HI and IV, but not in layer II, where reductions in small neurons have been observed in Nissl preparations. Thus, the apparent reduction of parvalbumin-positive neurons in the frontopolar cortex may again reflect downregulation of protein in nonpyramidal cells in response to altered activity of neural circuitry in this region. A recent automated image analysis of area 10 detected a reduced gray level index in layers III through VI, but because the method cannot distinguish neurons from glia, the cellular source of this difference is difficult to pinpoint (Kawasak et al. 2000) . Changes in neuronal somal size have not been observed in area 10, and, just as in the DLPC, a significant increase in glial density in this area has not been observed (Benes et al. 1991a ). Further analysis of astroglial cell populations by assay of GFAP protein or GFAP mRNA affirmed that gliotic changes are not present in the frontopolar cortex in schizophrenic brains (Karson et al. 1999) . One study reported a decrease in myelin basic protein, a marker for oligodendrocytes ; these data may suggest a selective vulnerability of this glial cell type in the disease.
Decreased connectivity of neurons may characterize the frontopolar cortex just as it is a central feature of pathology of the DLPC. Three independent laboratories have reported a reduction of synaptophysin protein in the anterior frontal cortex (Perrone-Bizzozero et al. 1996; Honer et al. 1999; Karson et al. 1999) . Decreased SNAP-25 protein levels have also been reported (Thompson et al. 1998; Karson et al. 1999) . The fact that SNAP-25 mRNA is unchanged in the face of decreased protein levels in this region indicates that the source of the reduction in synapses is extrinsic to the frontopolar cortex. It should also be noted that the decrease in SNAP-25 protein contrasts with increased levels of SNAP-25 protein found in area 9 in the same cohort of brains (Thompson et al. 1998) . As in the DLPC, reduced spine density on basilar dendrites of pyramidal cells in layer III has been reported, again suggesting that postsynaptic elements may be decreased in the anterior frontal cortex (Garey et al. 1998) . A consensus has not emerged on possible plastic changes in synaptic formation because one study reported unaltered GAP-43 protein in the frontal cortex , whereas a second report suggested an increase in GAP-43 (PerroneBizzozero et al. 1996) . This discrepancy might be attributed to analysis of different regions of the frontopolar cortex because the latter group may have included area 9 or transitional cortex between areas 9 and 10 in the dissection.
We recently examined the motoric region of Broca's area 44 using the same stereologic cell-counting method previously employed in dorsolateral prefrontal cortices. Our morphometric analyses did not uncover any significant differences in cell density or cell size in area 44 (Selemon et al., submitted) . In a subset of the same brains examined for area 44, area 9 was analyzed, and a 12 percent increase in overall neuronal density was found, replicating our previous findings in this area (Selemon et al. 1995) . As analysis of two separate areas of cortex in the same brains eliminated the confounds of differing methodologies and patient cohorts, the negative findings in area 44 can confidently be attributed to regional specificity in the pathology of schizophrenia.
The absence of obvious morphometric differences in Broca's area is somewhat surprising given the well-documented aberrations in speech patterning present in schizo-phrenia patients (Fraser et al. 1986; Morice and McNicol 1986; Doherry et al. 1997) . However, neuroimaging studies have shown that a large expanse of the prefrontal cortex, including dorsolateral areas 9 and 46, is used in language functioning and that complex language functions, such as fluency and story coherency, are mediated by these associative regions of the prefrontal cortex (Binder et al. 1997; Sirigu et al. 1998) . Although schizophrenia patients also commit syntactic errors that are most likely the result of dysfunction of area 44 (Paulesu et al. 1997) , our findings suggest that this deficit does not involve structural differences in the cytoarchitectonic composition of Broca's motoric area.
A preliminary report of morphometric alterations in the rostral portion of orbitofrontal area 47 has indicated that overall neuronal density (i.e., neuronal density measured across all six layers) was not abnormal in the schizophrenia cohort; however, neuronal density was decreased by 36 percent in layer I (Rajkowska et al. 1999a (Rajkowska et al. , 1999b . In this study, area 9 also was analyzed in the same brains, and although the significant increase in overall neuronal density previously described in area 9 (Selemon et al. 1995, submitted) was not found in this brain sample, significantly elevated neuronal density in layer III of area 9 was uncovered (Rajkowska et al. 1999a (Rajkowska et al. , 1999b . This study lends further support for specificity in the neuropathology of schizophrenia, with dorsolateral prefrontal areas showing increased neuronal density and orbitofrontal areas having neuronal cell packing similar to that of control brains. In this same study, neuronal somal sizes were reduced in layers II, nia, and IV of rostral area 47, suggesting that atrophy of neuronal cytoplasm is found in association with the disease in both the DLPC and the orbitofrontal cortex, although the layers exhibiting significant reductions in neuronal size differ in the two areas (Rajkowska et al. , 1999a (Rajkowska et al. , 1999b . Alterations in glial density, specifically decreased glial density overall and in layers in and V, further distinguishes orbitofrontal area 47 from the DLPC (Rajkowska et al. 1999a (Rajkowska et al. , 1999b . Although reduced glial density is certainly not a common finding in schizophrenic brains, decreased GFAP levels have been reported in brains from the Stanley Foundation Neuropathology Consortium in the frontal cortex (Knable et al., in press ).
Anterior Cingulate Cortex. Schizophrenia patients manifesting the disorganization syndrome-that is, having a prominence of thought disorder-have been shown to exhibit increased regional cerebral blood flow (rCBF) in the right anterior cingulate cortex (Liddle 1992; Yuasa et al. 1995) . However, other researchers have reported lower cerebral metabolic rates in schizophrenia patients in the anterior cingulate cortex (Tamminga et al. 1992; Haznedar et al. 1997) or have observed reduced activation of the anterior cingulate in performance of specific tasks in schizophrenia patients (Fletcher et al. 1996) , which in one study was restricted to the right cingulate (CrespoFacorro et al. 1999) . Together, these findings suggest that the anterior cingulate cortex is dysfunctional in schizophrenia, although the directional sign of the metabolic disturbance remains in dispute.
Morphologic studies of the anterior cingulate have failed to uncover significant differences in cell density in Nissl-stained preparations (Benes et al. 1991a; Kalus et al. 1997; Cotter et al., in press ). Although Benes (1993) has postulated that loss of GABA-ergic interneurons is a central feature of schizophrenia pathology, significant differences in neuronal density in the anterior cingulate cortex were limited to schizophrenia patients with superimposed mood disorders (i.e., schizoaffective subjects); schizophrenia patients without mood disorders exhibited only trend reductions in small neurons in all layers (Benes et al. 1991a) . It is interesting in this regard that an increase in parvalbumin-immunoreactive neurons has been reported in the anterior cingulate cortex in layer V (Kalus et al. 1997) . This is in contrast to the DLPC, where the density of parvalbumin positive neurons is comparable to controls (Woo et al. 1997) or to the frontopolar cortex, where parvalbumin cell density is decreased in schizophrenic brains (Beasley and Reynolds 1997). The morphologically distinct chandelier axon cartridges, as visualized in parvalbumin-immunoreactive preparations, also are increased in density in layers V and VI (Kalus et al. 1999 ), a finding that differs from the decreased chandelier axon cartridges reported in the DLPC (Woo et al. 1998; Pierri et al. 1999 ). This regional diversity in findings indicates that GABA-ergic cell proteins tend to be upregulated in the cingulate cortex in contrast to anterior and lateral areas of the frontal cortex that exhibit downregulation in most subsets of GABA-ergic populations. Increases in glial density have not been reported in quantitative studies of Nissl-stained sections ; furthermore, increases have not been observed in either GFAP or HLA-DR immunostained glia cells (Radewicz et al. 2000) . These findings indicate that neither astrocytes nor microglia populations are elevated in the cingulate cortex in schizophrenia.
Another distinguishing trait of the cingulate cortex in schizophrenia is the preserved integrity of synaptic elements in the schizophrenic brain. Changes in synaptophysin protein or synaptophysin mRNA have not been observed in the anterior cingulate cortex in schizophrenia subjects nor is SNAP-25 altered in schizophrenic brains . Syntaxin, a synaptic protein that is preferentially localized in excitatory terminals, has been shown to be increased in one study . Moreover, an increase in the NCAM may indicate that synaptic formation is occurring at a higher-than-normal rate in the anterior cingulate cortex of schizophrenia patients . The possibility that glutaminergic afferents are increased in the cingulate of patients with schizophrenia is further supported by morphologic studies of the anterior cingulate cortex showing an increase in vertical axon bundles immunopositive for glutamate in supragranular layers of the cingulate cortex (Benes et al. 1987 (Benes et al. , 1992 . Interestingly, in a group of elderly schizophrenia patients, three presynaptic proteins (synaptophysin, SNAP-25, and syntaxin) were elevated in the anterior cingulate cortex relative to the elderly control group, whereas levels of these same proteins were not altered in frontal, temporal, and parietal samples (Gabriel et al. 1997) . Thus, the reduction in neuropil that characterizes dorsolateral and frontopolar prefrontal areas is not evident in the anterior cingulate cortex; in fact, some studies of the cingulate cortex suggest that there is an increase in neuronal connectivity in this region.
Medial Temporal Cortex.
Temporal lobe components of the limbic system, more specifically the hippocampal formation and entorhinal cortex, have been the target of neuropathologic study for many years as early computed tomography (CT) and postmortem studies indicated that enlargement of the temporal horn of the lateral ventricle and reduction of volume of the surrounding cortical structures, including the hippocampus and parahippocampal gyrus, are replicable anatomic correlates of schizophrenia (Weinberger et al. 1983; Brown et al. 1986; Crow et al. 1989; Bogerts 1993) . The presence of florid symptoms resembling those of schizophrenia (i.e., hallucinations and delusions) in patients with temporal lobe injury also fueled speculation that medial temporal lobe structures, particularly in the left hemisphere, are involved in the genesis of psychosis in schizophrenia patients (FlorHenry 1969; Torrey and Peterson 1974) . Moreover, initial reports of cytoarchitectural abnormalities in the hippocampus and entorhinal cortex directed attention to the medial temporal lobe although the existence of cellular disarray in the hippocampal formation is still a matter of debate (Bogerts 1993; Arnold, this issue) .
Early postmortem quantitative studies of the hippocampus and entorhinal cortex found profound reductions in volume, neuronal density, and neuronal number in these structures in schizophrenia patients (Falkai and Bogerts 1986; Falkai et al. 1988; Jeste and Lohr 1989) . In the hippocampus, for example, reduction of neuronal number ranged from 4 percent to 36 percent and spanned all cornu ammonis (CA) sectors (Falkai and Bogerts 1986) . These early reports were influential in characterizing schizophrenia as a disease of neuronal loss. However, subsequent quantitative analyses of the hippocampus using two-dimensional counting methods have found more limited reductions in cell density. For example, decreased pyramidal cell density in CA1 has been reported in schizophrenia patients without mood disorders (Benes et al. 1991b) . A more recent analysis of the hippocampus in schizophrenia subjects by this same group found decreased nonpyramidal cell density in CA2 without changes in pyramidal cell density (Benes et al. 1998 ). Jonsson et al. (1999) found reductions in pyramidal cell density in CA1 and CA3. In contrast, Zaidel et al. (1997a) reported increased density of neurons in CA1 and CA3 in the right hippocampus by counting only neurons with nucleoli in two dimensions, a method in which cell-splitting error is minimized. The only stereologic cell-counting study of the hippocampus did not find changes in neuronal density or number (Heckers et al. 1991) . Reductions in pyramidal cell size in the hippocampus have also been reported, albeit inconsistently (Benes et al. 1991b (Benes et al. , 1998 Zaidel et al. 1997b; Jonsson et al. 1999 ). Conversely, one study of microtubule-associated protein (MAP2) immunoreactive dendrites reported an increase in dendritic length in the hippocampus and subiculum, a finding that could indicate that dendritic arborization is more complex in pyramidal cells in the medial temporal lobe. Alternatively, this finding may reflect an upregulation of MAP2 protein, allowing for visualization of a greater portion of the dendritic tree (Cotter et al. 2000) .
Altogether, the contemporary literature on hippocampal pathology in schizophrenia does not support earlier reports of widespread neuronal loss. Likewise, a recent quantitative analysis of Nissl-stained cells in the entorhinal cortex, again employing a two-dimensional count of neurons with nucleoli, failed to detect any decrease in neuronal density or number in this cortex. Analysis of GFAP-stained cells in the entorhinal cortex and subiculum indicated that there are no abnormalities in astroglial cell populations in the medial temporal cortex . Although GABA-ergic cell populations have not been studied with immunocytochemical methods in the medial temporal cortices, there is evidence from Western blot analysis and reverse transcription polymerase chain reaction for decreased reelin protein and reelin mRNA in the hippocampus of schizophrenia patients (Impagnatiello et al. 1998 ). These results suggest that downregulation of interneuronal activity may be associated with the pathology of the hippocampal cortex in schizophrenia as it is in prefrontal cortices.
The available data suggest that synaptic elements are modified in a complex manner in the medial temporal cortices. When measured by Western blot, synaptophysin protein is decreased in the hippocampus (Vawter et al. 1999 ), but alterations in the protein have generally not been found in the hippocampus, subiculum, or parahippocampal gyms with enzyme-linked absorbent assay or immunocytochemistry (Eastwood et al. 1995; Young et al. 1998) . Indeed, Young et al. (1998) found a selective increase in synaptophysin protein in the dentate gyms of the hippocampus with immunocytochemical staining, which is consistent with a specific increase in synaptic elements of the entorhinal projection field. It is noteworthy that an increase in glutamate-positive, small-caliber fibers has also been described in the entorhinal cortex, mimicking a similar observation in the anterior cingulate (Longson et al. 1996 ). Yet, despite the largely unaltered levels of synaptophysin protein in the hippocampal formation, decreases in other synaptic-related proteins have been described. For example, immunocytochemical analysis has revealed a decrease in SNAP-25 staining in CA1, CA2, and the dentate gyms even though immunoabsorbent assay had not revealed any difference in SNAP-25 protein between schizophrenia and control subjects (Young et al. 1998 ). In immunocytochemical preparations, a substantial reduction in dopaminergic input, as evidenced by a decrease in tyrosine hydroxylase staining, has been observed in layers III and VI in the entorhinal cortex (Akil et al. 2000) . In the subiculum, reduced spine density on the apical dendrites of pyramidal cells has been reported in an analysis of Golgi-stained material (Rosoklija et al. 2000) . The latter finding is evidence of a decrease in the postsynaptic compartment of the neuropil. Decreases in complexin proteins and mRNAs have also been found in the hippocampus, subiculum, and parahippocampal gyms. The relatively greater decrement of complexin II protein in medial temporal areas in schizophrenia may be indicative of a preferential decrease in excitatory synaptic elements (Harrison and Eastwood 1998) . The initial report indicated that complexin II mRNA was also decreased to a greater extent than was complexin I mRNA (Harrison and Eastwood 1998) , although a recent replication study suggests that both complexin mRNAs are decreased and that the ratio of the two remains unchanged in schizophrenia subjects . Nonetheless, the selective reduction of complexin II protein still suggests that, within the medial temporal lobe, glutaminergic synapses are decreased to a greater extent than inhibitory GABAergic connections.
In summary, the contemporary literature indicates that connectivity between neural elements may be altered in the medial temporal lobe, although the decreases in synaptic contacts are generally more subtle than in the DLPC and may be limited to specific neural circuits, perhaps largely excitatory connections. Rather surprisingly, some projections appear to be increased or upregulated.
Paradoxically, synaptophysin mRNA is decreased in all three areas of the medial temporal cortex where the protein was found to be unaltered (Eastwood et al. 1995) . This has been interpreted as evidence for a reduction of terminal projection fields arising from neurons located in the medial temporal lobe but synapsing elsewhere in the brain. A similar explanation may account for the finding of increased GAP-43 protein levels in the hippocampus (Blennow et al. 1999) in conjunction with a reduction of GAP-43 mRNA levels in the hippocampal formation (Eastwood and Harrison 1998 ). An increase in NCAM protein levels has also been observed in the hippocampus, lending further support for elevated plasticity of synaptic connections in this cortex (Vawter et al. 1997) .
Temporal Association Cortices. The pronounced leftsided reduction of volume of the planum temporale in schizophrenia patients (Falkai et al. 1995a; Kwon et al. 1999) implies that Wernicke's language area (area 22) in the superior temporal gyms is structurally abnormal in schizophrenia. Reduction of the posterior superior temporal gyms has also been observed with MRI in association with abnormalities in auditory event-related potentials in schizophrenia patients, indicating that volumetric reduction of Wernicke's area might account for the physiological deficit (McCarley et al. 1993) . Evidence for anatomic deviations in the medial temporal gyms, including associational cortical area 20, has not been reported; however, one study of rCBF in schizophrenia patients during performance of facial and verbal memory tasks found abnormalities in activation and task-specific laterality of the activation of the midtemporal region (Gur et al. 1994) .
The few postmortem studies that have examined higher association cortices in the temporal lobe (areas 22 and 20) have found changes in schizophrenic brains that are similar to those reported for the DLPC. Although no studies of neuronal and glial density based on counts of Nissl-stained sections are available, GFAP protein is unaltered in area 20, a finding that is consistent with the lack of astrogliosis in other regions of the cortex (PerroneBizzozero et al. 1996) . Decreases in reelin protein, reelin mRNA, and GAD67 protein, coupled with sparing of GAD65 protein, in area 22 suggest that GABA-ergic cell populations are downregulated without actual loss of GABA-ergic neurons (Impagnatiello et al. 1998) . The decreased synaptophysin protein content and increased GAP-43 concentrations described in area 20 mirror similar changes in the frontopolar cortices (Perrone-Bizzozero et al. 1996 ) although a similar decrease in synaptophysin protein was not observed in area 22 . Instead, this area showed the pattern more typical of medial temporal areas where synaptophysin mRNA is reduced without reduction of the protein. Finally, spine density on the basilar dendrites of pyramidal cells in layer HI has been observed in an analysis of several temporal association areas (Garey et al. 1998 ).
Primary Visual Cortex. Until recently, visual perceptual deficits had not been identified in schizophrenia patients, and therefore the primary visual cortex has been used as an internal control area for studies of postmortem brain changes in schizophrenia. Certainly, visual deficits in schizophrenia are subtle to the point that schizophrenia patients do not report loss of visual acuity. However, when visual processing has been assessed by evokedpotential or single-photon imaging, abnormalities have surfaced (Jibiki et al. 1991; Lewis et al. 1992; Javitt et al. 1993 ). In the past few years, further study of perceptual visual dysfunction in schizophrenia patients has revealed that the deficits may selectively involve a subsystem of the geniculocortical projection, specifically the pathway arising from magnocellular neurons in the lateral geniculate nucleus (LGN), which is the pathway primarily involved in detection of motion (Cadenhead et al. 1998; Schwartz et al. 1999) .
Our initial study of prefrontal area 9 was one of the first to use area 17 as a "control" cortical area and, at the time, the approach seemingly backfired, as morphometric changes very similar to those observed in area 9 were also found in area 17 (Selemon et al. 1995) . A 10 percent increase in neuronal density was observed in area 17, and although the magnitude of the increase did not equal that of prefrontal areas (17% and 21%), the discrepancy may have been the result of a ceiling effect in view of the much higher (2X-3X) normal cell packing density in primary visual cortex relative to prefrontal areas. A significant increase in glial density was not observed in the primary visual cortex (Selemon et al. 1995) in agreement with Western blot analysis of GFAP levels, which revealed normal levels of this protein (Perrone-Bizzozero et al. 1996) . As in the prefrontal cortex, parvalbumin cell density and size were not altered in schizophrenic brains relative to those of controls (Woo et al. 1997) . Other GABA-ergic markers have not been applied to the primary visual cortex, so it is not possible currently to determine whether there is a downregulation of proteins in chandelier axon cartridges or changes in other calciumbinding proteins such as those observed in the DLPC.
A reduction in interneuronal neuropil probably accounts for the increased neuronal density in area 17 as it does in the DLPC. Two independent studies have found decreased synaptophysin protein levels in the primary visual cortex using Western blot and immunoautoradiography techniques (Perrone-Bizzozero et al. 1996; , although Glantz and Lewis (1997) did not observe a reduction in synaptophysin staining with optical density measurements of immunocytochemically prepared sections. Methodological differences may account for the discrepancy in findings. Changes in SNAP-25 or GAP-43 proteins have not been detected in the primary visual cortex (Perrone-Bizzozero et al. 1996; Thompson et al. 1998 ). However, reductions in synaptophysin mRNA and GAP-43 mRNA have been reported in area 17 in schizophrenic brains, suggesting that the terminal projection fields of area 17 neurons-perhaps both intrinsic connections within the primary visual cortex and projections to secondary visual areas-are decreased and exhibit diminished capacity for remodeling (Eastwood and Harrison 1998; . Thus, the decrease in synaptophysin levels in area 17 is similar to that observed in frontal areas, whereas the reduction of synaptophysin mRNA observed in the primary visual cortex appears to be specific to this region of cortex (Perrone-Bizzozero et al. 1996; Lewis 1997, 2000; Honer et al. 1999; Karson et al. 1999; . The presence of unaltered GAP^43 protein levels coupled with decreased GAP-43 mRNA also is distinct from the increased GAP-43 protein and normal levels of GAP-43 mRNA found in these same studies in frontal areas (Perrone-Bizzozero et al. 1996; Eastwood and Harrison 1998) . Nonetheless, the overall pattern of decreased connectivity and increased neuronal density in area 17 is remarkably similar to that observed in the DLPC and indicates that the major pathology of this cortex is a reduction of neuropil. Further confirmation of the similarity in pathological profiles between the two regions of cortex has emerged from a recent gene microarray analysis in which the spectrum of genes found to be abnormal in the prefrontal cortex and in the primary visual cortex was very similar (Mimics et al. 2001 ).
Reduced Cortical Asymmetry in Schizophrenic Brains.
Over the past decade, Crow (1990 Crow ( , 1997a Crow ( , 19976, 2000 has advanced the theory that schizophrenia is a uniquely human disease because it is intricately linked to the development of asymmetry in the human brain in association with language capacity. In the normal human brain, the temporal, parietal, and occipital lobes are larger in the left hemisphere, and the posterior Sylvian fissure is longer in this hemisphere as well, whereas the frontal association cortex is larger in the right hemisphere (Galaburda et al. 1978; Geschwind 1978) . More recently, many cortical areas (e.g., Broca's area, Heschl's gyms, the planum temporale, the inferior parietal lobe, the cingulate sulcus) have been shown to exhibit different patterns of fissurization in the left and right hemispheres, with the left hemisphere most often showing greater folding, which generally correlates with larger cortical volume (Ide et al. 1999) . Crow (1990 Crow ( , 1997a Crow ( , 19976, 2000 has hypothe-sized that a subset of individuals who fail to develop the normal pattern of asymmetry of the cortical mantle will manifest symptoms of schizophrenia.
Asymmetry of the cortex in schizophrenia was originally investigated primarily in CT and MRI studies, which suggested that the normal asymmetry is attenuated in schizophrenia patients (for a review, see Bogerts 1993) . More recent neuroimaging studies have confirmed that schizophrenic brains are more symmetric than normal brains (Falkai et al. 1995ZJ; Turetsky et al. 1995; DeLisi et al. 1997; Shapleske et al. 1999) or affective disordered brains (Bilder et al. 1999) , and some studies have even found a reversal of the normal asymmetry of the Sylvian fissure and planum temporale (Honer et al. 1995; Kwon et al. 1999) , albeit not without exception (Kulynych et al. 1995; Frangou et al. 1997) . Very recently, reversed asymmetry of the angular gyrus of the parietal lobe has been detected in schizophrenia subjects (Niznikiewicz et al. 2000) .
A particularly influential early postmortem study is that of Crow et al. (1989) , who studied the temporal horn of the lateral ventricle in a series of postmortem brains and found a selective left-sided enlargement of volume in schizophrenia patients. The implication of this finding is that cortical structures abutting the temporal horn are reduced in volume in schizophrenic brains. In the intervening years, left-sided reductions in the length of the Sylvian fissure and the diameter of the planum temporale have been documented in postmortem brains of schizophrenia patients (Falkai et al. 1992; Falkai et al. 1995a ). Asymmetry also interacts in a complex manner with gender and, to some extent, with age of onset of schizophrenia. For instance, Highley et al. (1998b) reported that the length of the frontal lobe showed a L > R asymmetry in normal female subjects and a R > L asymmetry in normal males; both patterns are reversed in female and male schizophrenia patients. Moreover, a similar measure of occipital-parietal lobes showed the converse pattern in normal subjects and an analogous reversal in schizophrenia patients. Temporal lobe length also was reduced on both sides, and a bilateral increase in gyral folding was found in schizophrenia patients (Highley et al. 1998a) . A meta-analysis of the corpus callosum in schizophrenia patients revealed a significant decrease in the corpus callosal area in schizophrenia patients, suggesting that less cross-talk between the hemispheres may be associated with this disease (Woodruff et al. 1995) . In support of this concept, a recent postmortem analysis found reduced numbers of callosal fibers in all regions of the corpus callosum except the rostrum, although the effect was limited to female schizophrenia patients (Highley et al. 1999 ).
The literature on reduced cortical asymmetry in schizophrenia is critically relevant to understanding the neuropathology of the cortex because abnormalities in the left and right hemisphere in schizophrenia may differ to the point of being opposite in direction in the two hemispheres. The majority of postmortem analyses, such as our own (Selemon et al. 1995 Rajkowska et al. 1998) , have been limited to one hemisphere, usually the left, to eliminate the possible confound associated with the anatomical and functional specialization of the human brain (see table 1 ). The few studies that have examined both hemispheres independently in schizophrenia subjects have found side-specific alterations. For example, a decrease in poly (A) + mRNA, a measure of overall messenger content of the cell population, was found only in the left parahippocampal gyrus in schizophrenia brains . Moreover, decreased synaptophysin protein was found in the Oxford cohort of patients, in which only left hemispheres were analyzed, whereas decreased synaptophysin protein was not observed in the London cohort, in which a mixed sample of hemispheres was processed . Increased neuronal density in the hippocampus was observed selectively in the right hemisphere (Zaidel et al. 1997a) , whereas reduced neuronal size was described in CA1 and CA2 sectors in the left hemisphere and in CA2 in the right hemisphere (Zaidel et al. 1997ft) . Further evidence of the importance of lateralization in studies of cellpacking density has emerged from a study of the anterior cingulate cortex in the Stanley Foundation brain collection, in which mixed left and right hemispheres were collected for each diagnostic group. In the normal group, neuronal density was 7.5 percent higher and glial density 14 percent higher in the left hemisphere in comparison to densities in the right cingulate (Cotter et al., in press) . Given that reported schizophrenia-related alterations in neuronal density are in the range of 10 percent to 21 percent, these findings strongly indicate that hemisphere is a major confound for morphometric measurement of cell density in the human brain in normal and diseased states.
Thalamic Pathology in Schizophrenia and a Nonhuman Primate Model of the Disease Based on Prenatal Deletion of Thalamic Neurons
Thalamic Abnormalities in Schizophrenia. The thalamocortical system has recently moved to the forefront of neuropathological research in schizophrenia. Structural neuroimaging studies have revealed reductions in thalamic volume and in that of white matter containing thalamocortical fiber tracts in schizophrenia subjects; positron emission tomographic studies have indicated that metabolic activity in the thalamus is reduced during performance of tasks requiring attention and recall in which schizophrenia patients perform more poorly than do controls (Andreasen et al. 1994; Buchsbaum et al. 1996) . However, the most pronounced thalamic deficits in schizophrenia have been found through stereologic analysis of Nissl-stained sections. These studies have shown that total cell number in the mediodorsal (MD) of the thalamus is reduced by nearly one-third in schizophrenia patients (Pakkenberg 1990; Young et al. 1999; Popken et al. 2000) . Moreover, the most recent of these studies found a subnuclear specificity in the neuronal reduction; that is, neurons located in the parvocellular and densocellular divisions of MD nuclei were decreased in schizophrenic brains relative to controls, whereas magnocellular neurons in the MD nuclei were present in normal numbers (Popken et al. 2000) . The preferential loss of parvocellular MD neurons in schizophrenia may be related to the regional cortical specificity of neuropathology in schizophrenia as parvocellular neurons innervate the DLPC and magnocellular neurons project to the orbitofrontal cortex. Evidence from immunocytochemical studies suggests in addition that there is an extrinsic versus intrinsic specificity in the reduction of thalamic neurons as parvalbumin-reactive neurons, which have previously been shown to correspond to the thalamocortical projection neurons in the anteroventral nucleus, are selectively diminished (Danos et al. 1998) . Thus, strong evidence has emerged implicating the thalamus as a major site of structural and functional pathology in schizophrenia and raising the possibility that connectional links between the thalamus and cortex are related to the regional pathology in both structures.
Prenatal Deletion of Thalamic Neurons in the Primate: Relevance to Cortical Pathology in Schizophrenia.
More than a decade ago, we began developing a nonhuman primate model of schizophrenia in the Department of Neurobiology at Yale in which a significant proportion of thalamic nuclei are destroyed by low-dose x-irradiation during early fetal development. In monkeys exposed to irradiation at E33-43, total neuron number is reduced by 35 percent in the LGN (Algan and Rakic 1997) and by 41 percent in the MD (Algan and Rakic, unpublished observations) , which is quite comparable to the reduction observed in postmortem analysis of the schizophrenic MD (Pakkenberg 1990; Young et al. 1999) . Fetal irradiation during the period of thalamogenesis not only replicates the thalamic pathology of schizophrenia but also produces a pattern of increased neuronal density in the occipital and prefrontal cortices that is remarkably similar to that found in schizophrenia patients (Selemon et al. 1995; Algan and Rakic 1997) . Interestingly, monkeys with early selective deletion of thalamic cell populations show cognitive deficits on working memory tasks that are similar to those observed in monkeys with lesions of the prefrontal cortex (Castner et al. 1996) . Specifically, fetally irradiated monkeys show deficits on a spatial delayed-response task in which performance is dependent on working memory functions. A key feature of this deficit is that full expression is not apparent until adolescence; infant monkeys perform at near-normal levels on the same task. Thus, the neuropathologic and behavioral profile observed in monkeys fetally irradiated during the critical period of thalamic neurogenesis suggests that deletion of thalamocortical afferents can produce morphologic disturbances in widespread areas of targeted cortex that result in age-dependent prefrontal cognitive deficits similar to those observed in schizophrenia patients.
One potential caveat of this model is that the increases in neuropil observed in cortical areas are not limited to cortical layers (IIIc, IV) recipient to the thalamocortical projection (Giguere and Goldman-Rakic 1988) . Although the finding of increased neuronal density spanning several cortical layers is remarkably similar to that observed in schizophrenic postmortem brains (Selemon et al. 1995 , the explanation for reduction of neuropil in layers outside the thalamic terminal field is not clear. In the fetally irradiated monkey, part of the answer may lie in the synchronous timing of neurogenesis of thalamic and brainstem monoaminergic cell groups during fetal development (Rakic 1977; Levitt and Rakic 1982) . The low-dose x-irradiation that deletes thalamic neurons may also eliminate a substantial number of neurons destined to become dopaminergic or serotonergic projection neurons. Because dopamine fibers innervate multiple cortical layers in the prefrontal cortex (William and Goldman-Rakic 1993) and dopaminergic modulation has been shown to play an essential role in the neural circuitry mediating cognitive function of the prefrontal cortex (GoldmanRakic 1992 (GoldmanRakic , 1996 , reduced dopamine innervation to the cortex could lead to diminished synaptic contacts across multiple layers and to behavioral dysfunction in these monkeys. Very few quantitative postmortem studies of brainstem monoaminergic cell groups in schizophrenia patients exist, and none have been published in the past 15 years. What little data are available suggest that monoaminergic nuclei are reduced in volume and that neuronal cell size is reduced without reduction of neuronal number (Bogerts 1993) ; however, a reexamination of these populations with modern stereologic techniques is long overdue.
The fetally irradiated monkey model provides further evidence for an anatomic link between thalamic and cortical pathology in the schizophrenic brain. Certainly, further studies are needed to explore the hypothesis that reduction of specific thalamic cell populations is associated with a reduced neuropil deficit in the cortical projection zones of these thalamic nuclei, but the possibility is intriguing. Moreover, some evidence is emerging from analysis of these animals to suggest that even the subnuclear specificity in the pattern of thalamic deficits can be reproduced by precisely timing the irradiation. For example, preliminary data from a neuroimaging study of the visual cortex in fetally irradiated monkeys suggest visual deficits associated with parvocellular LGN projections are found in monkeys irradiated a few days before those manifesting magnocellular deficits (Roe et al. 1999) . Because a selective magnocellular visual processing deficit has been identified in schizophrenia patients (Cadenhead et al. 1998; Schwartz et al. 1999) , it would be of interest to ascertain whether magnocellular neurons in the LGN are reduced in schizophrenia patients. This study is currently under way in my laboratory. Also of interest is the precise timing of neurogenesis of different thalamic nuclei and subnuclei. If a temporal link could be established between the genesis of parvocellular MD neurons and the genesis of magnocellular LGN neurons, deficits in these morphologically distinct and functionally unrelated cell populations might be attributed to a single prenatal insult occurring during the critical period of neurogenesis for both populations. In addition, the exact relationship between thalamic neurogenesis and production of brainstem monoaminergic cell groups would further elucidate the potential impact of a prenatal disturbance on cortical brain circuitry.
Not all the data fit well with the concept that early reduction of thalamic populations leads to reduced neuropil in the recipient cortical area. For example, reduction in neuronal number in the anterior nuclear group, which projects to the anterior cingulate cortex, has been found in schizophrenia patients, although the magnitude of the decrease in total neuronal number was less than that of the MD (Young et al. 2000) . As the cingulate cortex does not exhibit a pattern of reduced neuropil like that of the DLPC, the similarity in pathology of thalamic populations projecting to the two cortices is puzzling.
Relevance of Regional Heterogeneity in the Pathology of Schizophrenia to Contemporary Theories of Schizophrenia Pathophysiology
Many hypotheses have been advanced to explain the pathogenesis of the schizophrenic state. Perhaps the most widely accepted is the developmental hypothesis, which is the idea that a developmental insult may produce disturbances in brain structure or organization that ultimately leads to expression of the schizophrenia phenotype in adulthood (Weinberger 1987; Benes 1991) . The Crow hypothesis alluded to earlier in this article also postulates a developmental origin for schizophrenia, but one resulting from genetic factors rather than environmental insult (i.e., failure of language lateralization is thought to be due to normal variation in expression of a gene or genes) perhaps located on the sex chromosomes, which control the development of brain asymmetry (Crow 1997a (Crow , 1991b (Crow , 2000 . Late developmental processes have also been implicated in the disease. Feinberg (1982) originally postulated that a disorder of synaptic pruning in late adolescence is the pathologic mechanism in schizophrenia. Others have postulated that disturbances in certain cell types (i.e., GABA-ergic cells [Benes 1993; Lewis et al. 1999 Lewis et al. , 2000 ), transmitter systems such as dopamine (Carlsson and Carlsson 1990; Grace 1991) , and specific receptors such as N-methyl-D-aspartate (NMDA) glutamate receptors (Javitt and Zukin 1991; Olney and Farber 1995) underlie the pathophysiology of schizophrenia. Although all have merit and undoubtedly further our understanding of schizophrenia, contemporary theories of the pathophysiology of the disease do not adequately integrate information about the regional specificity of pathological findings.
The hypothesis that GABA-ergic neurons play a central role in the etiology of schizophrenia (Benes 1993; Lewis et al. 1999; Lewis 2000) is difficult to reconcile with the subtle and regionally specific changes observed in cortical inhibitory intemeurons in schizophrenic brains. Upon careful examination of the literature, there is no solid evidence for decreased GABA-ergic cell populations in association with schizophrenia. Most of the decreases in small nonpyramidal cells fall below the level of significance or are restricted to a single layer or sector within a cortical region (Benes et al. 1991a . Moreover, in the anterior cingulate, where a trend decrease in nonpyramidal cell density was reported throughout several layers (Benes et al. 1991a) , increased axon density also has been described (Benes et al. 1987 (Benes et al. , 1992 . Therefore, it is possible that the reported reductions in cell density result from an increase in interneuronal neuropil volume rather than a decrease in the GABA cell population. Reduction of immunolabeled GABA-ergic cell populations has largely been attributed to downregulation of proteins or enzymes without actual loss of neurons. If a disturbance in GABAergic cell populations is at the core of the disease, then the fact that GABA-ergic cells in the prefrontal cortex appear to be downregulated (Beasley and Reynolds 1997; Woo et al. 1998; Pierri et al. 1999) , whereas similar populations in the anterior cingulate cortex are upregulated (Kalus et al. 1997; Kalus et al. 1999) , is difficult to explain. Moreover, even within the DLPC, distinct populations of GABA-ergic neurons exhibit varying changes in protein content in association with schizophrenia (Daviss and Lewis 1995; Woo et al. 1997) .
Although the number of postmortem studies documenting disturbances in GABA-ergic populations is greater than for any other chemically defined group of cells, this may reflect the comparative ease with which these neurons can be studied in immunocytochemical preparations. Though fewer in number, there are studies suggesting that cortical pyramidal cells manifest changes in transmitter levels (Tsai et al. 1995) and that glutamatecontaining axons are increased in number or perhaps in transmitter content (Benes et al. 1987 (Benes et al. , 1992 Longson et al. 1996) as well as one study that suggests that the protein content of excitatory terminals is altered to a greater degree than that of inhibitory terminals in the temporal lobe (Harrison and Eastwood 1998) . Obviously, many of the abnormalities observed in postmortem brain specimens are secondary or reactive changes rather than primary markers of the disease process. Such a role for GABA-ergic interneurons seems to fit with presently available data on alterations of these neurons in schizophrenic postmortem brains.
Likewise, a primary disturbance in pyramidal cell populations is at odds with the regional diverse changes described in schizophrenic brains for these neurons. Administering antagonists of the NMDA glutamate receptor has been shown to replicate many symptoms of schizophrenia in human subjects (Krystal et al. 1994) and to reproduce, at least in part, the anatomic deficits described in schizophrenic brains in animal models . These observations have led to the glutamate hypothesis of schizophrenia (i.e., that hypofunction of the NMDA receptor is a primary mechanism of the disease [Javitt and Zukin 1991; Olney and Farber 1995] ). Indeed, amino acid and enzyme alterations compatible with a hypoglutaminergic state have been described in the prefrontal and hippocampal cortices (Tsai et al. 1995) ; however, parietal and cingulate cortices do not show the same hypoglutaminergic pattern. Thus, a simple defect in glutamate receptor function cannot explain the regional specificity of the deficit. Moreover, a comprehensive review of amino acid uptake and receptor levels in the temporal cortex (Deakin and Simpson 1997) concluded that glutamate terminals were reduced in the left temporal lobe with sparing of glutamate cell bodies; in contrast, increases in glutamate binding sites representative of both cell bodies and terminals were found in orbitofrontal areas. Deakin and Simpson (1997) suggest that fronto-temporal glutamate projections are diminished in schizophrenic brains in conjunction with an increase in excitatory connectivity in the frontal cortex. Once again, the pronounced regional diversity of findings argues against a simple deficit in glutamate neurons.
Along similar lines, a preferential role for intrinsic excitatory connections in the pathophysiology of the DLPC in schizophrenia has been postulated (Lewis and Gonzalez-Burgos 2000) ; however, selective vulnerability of neuropil intrinsic to the prefrontal cortex runs contrary to the finding of unaltered levels of synaptophysin mRNA in this cortical region . As dysfunction in cortical circuitry is a prominent feature of schizophrenia, glutamate-containing pyramidal cells certainly play a key role in the pathophysiology of schizophrenia, but the selective upregulation and downregulation of glutaminergic elements in different cortical regions has yet to be incorporated into the glutamate hypothesis.
Developmental hypotheses also fail to adequately explain the global brain changes associated with schizophrenia. Crow's hypothesis is compelling, especially in view of the large body of evidence suggesting that brain asymmetry is reduced or reversed in schizophrenia subjects. However, as Crow (1997a Crow ( , 1997 Crow ( *, 2000 has pointed out, not all individuals with ambivalent cerebral dominance become psychotic. Having a symmetric brain only predisposes an individual to schizophrenia and other mental illness. Because brain asymmetry is probably controlled by one or more genes that specify brain size and lateralization of language capacity, these brain abnormalities represent phenotypic expression of the heritable component of schizophrenia. A second "hit," one that results in neuropathologic changes in addition to the reduction in asymmetry, is needed to reach the threshold for disease. Feinberg (1982) has suggested that the process of postnatal elimination of synapses, which occurs in late adolescence, might be disordered in schizophrenia. Disruption of this late developmental process, which like disruption of brain asymmetry could have a genetic origin, might result in excessive synaptic pruning and reduction of interneuronal neuropil. However, a molecular defect that resulted in overexuberant pruning of synaptic contacts in the cortex would necessarily produce a reduction in connectivity in all areas of the cortex. Postmortem studies reviewed here suggest, to the contrary, that the pattern of neuropil reduction is heterogeneous among different cytoarchitectonic areas of the cortex and that even within a single cortical region, alterations in synapserelated proteins is nonuniform. Instead, if late-adolescent synaptic pruning simply represents a normal process of brain development that interacts with the underlying pathology to unmask the schizophrenia as Weinberger (1987) has postulated, then some other factor(s) must produce the regional pathology observed in schizophrenia.
One possibility is that an early developmental lesion interacts with the genetic predisposition for a smaller, more symmetric brain to produce a complex pattern of regionally diverse pathology. Several human population studies have shown that relatively mild disturbances in normal fetal brain development can dramatically increase the risk of developing schizophrenia in adulthood (Mednick et al. 1988; Susser and Lin 1992; Hollister et al. 1996; Brown et al. 2000) . Moreover, as the fetally irradiated monkey model of schizophrenia has shown, administration of another mild and fairly nonspecific prenatal insult, ionizing x-irradiation to the nonhuman primate, reproduces certain key anatomic features of thalamic and cortical pathology associated with schizophrenia (Algan and Rakic 1997) . However, further studies are needed to assess the extent to which a prenatal thalamic lesion can replicate the complete spectrum of pathology and dysfunction of schizophrenia.
Prominence of Dorsal Lateral Prefrontal Cortical Neuropathology in Schizophrenia
The DLPC has been the site of intensive study in schizophrenia because of the prominence of prefrontal cognitive deficits in the disease. One question that arises is whether abnormalities of the same magnitude are present in other cortices (e.g., the ventrolateral prefrontal cortex), but because these cortices have received less attention, the deficits have not been adequately documented in the literature. Comparison of neuropathological changes throughout the cerebral mantle indicates that abnormalities actually are more pronounced in the DLPC than in other cortical regions (table 1) . Increases in neuronal density in the DLPC span multiple layers while changes in cell density in other prefrontal and temporal areas are more limited in scope. The reduction in neuropil that characterizes the DLPC involves a decrease in several presynaptic protein markers, as well as reduction of postsynaptic spine density on pyramidal cells. Furthermore, studies that have examined pathologic markers in the DLPC and other cortices in the same group of schizophrenia patients have found more severe deficits in the DLPC (e.g., Rajkowska et al. 1999a Selemon et al., submitted) .
What factors account for the prominence of DLPC pathology in schizophrenia? As many have postulated, both genetic and environmental factors are likely to be involved in the pathophysiology of schizophrenia. Recent neuroimaging studies have shown that the DLPC is involved in complex aspects of language processing (Binder et al. 1997; Sirigu et al. 1998) . Because cortical asymmetry is tightly linked to language lateralization, reduction or reversal of the normal asymmetry probably affects the DLPC as well as the more ventrally located classic language area (Broca's area) and the languageassociated cortices in the temporal lobes. Thus, a genetic predisposition for reduced asymmetry and language lateralization may result in a smaller DLPC and, because it is now well established that the reduction in cerebral volume is not the result of cell loss, one with reduced connectivity. If, in addition, a prenatal insult selectively destroys a large proportion of the thalamocortical afferent input to the DLPC but does not diminish thalamocortical projections to more ventral prefrontal areas, as discussed above, neuropil would be even further reduced in the DLPC. Other regions of the cortex, for instance the anterior cingulate, may lose a substantial projection from the thalamus through the same prenatal perturbance, but connectivity in the cingulate cortex may not be affected to the same extent by the genetic component; therefore, the summed pathology would be less extensive. Finally, as postulated earlier, a prenatal insult that deletes thalamic neurons is likely to reduce the number of brainstem monoaminergic neurons as well because of the parallel timing of neurogenesis in these structures. A concurrent reduction of dopaminergic and serotonergic input to the DLPC essentially would constitute the third strike: (1) decreased connectivity in association with a genetic reduction of asymmetry, (2) decreased projections from the thalamus, and (3) decreased input from brain stem monoaminergic neurons. Moreover, as dopaminergic innervation of the frontal cortex is much richer than that of more posterior cortices, especially the occipital cortex (Goldman- Rakic and Brown 1982; Williams and Goldman-Rakic 1993) , deafferentation of brainstem dopaminergic projections would have a more deleterious effect on DLPC structure and function. Although this scenario is highly speculative, some aspects of the model are testable in the fetally irradiated primate model. Further studies of animal models of the disease, as well as additional postmortem analyses of the schizophrenic brain, will provide greater insight into the selective vulnerability of dorsolateral prefrontal cortical circuitry in schizophrenia.
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